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Abstract
Most biochar studies are focusing on the usage of char produced by pyrolysis (pyrochar). However, only dry biomass can be subjected to pyrolysis. It is beneficial to produce biochar by hydrothermal carbonization (hydrochar) from wet biomass to avoid energy use for drying. The objective of this study was to compare the effects of pyrochar and hydrochar on greenhouse gas-emitting activity, abundance and composition of the soil bacterial and archaeal community. Three different moisture contents (40%, 60% and 80% of water holding capacity) and two N fertilization steps (with and without N addition) were investigated. The microcosm study was conducted in 120 mL glass bottles with septum caps for periodic headspace gas analysis. N2O and CO2 emissions from pyrochar were in the same range as the char-free control. Hydrochar, however, caused high N2O emissions in the fertilized high moisture treatment and significantly higher CO2 emissions in all treatments compared to the control. Pyrochar increased CH4 emission in the unfertilized treatments, whereas hydrochar had no effect except a small reduction in the fertilized and highest moisture treatment. Enzyme activity in all pyrochar microcosms was in the same range as the char-free control, but lower in unfertilized hydrochar microcosms. Pyrochar soil amendment did not change bacterial and archaeal abundance. Hydrochar decreased archaeal abundance in the majority of the treatments. T-RFLP analysis revealed that pyrochar, hydrochar and control each developed a distinct bacterial community. Pyrochar had no effect on archaeal communities, whereas hydrochar induced the formation of significantly different communities compared to the control. Furthermore, hydrochar reduced the abundance of Acidobacteria and Firmicutes, while it remarkably increased the abundance of Bacteroidetes and Proteobacteria. The results suggest that the addition of hydrochar induces considerably stronger effects on soil microbial communities than the addition pyrochar.


1. Introduction
Biochar has become an intensively discussed topic within soil science in the last few years due to its proposed beneficial impacts on soil health and agricultural productivity. The body of literature on soil application of biochar to improve soil quality (Atkinson et al., 2010), to enhance agricultural productivity (Biederman and Harpole, 2013; Jeffery et al., 2011, Liu et al., 2013) and to increase nitrogen retention (Ding et al., 2013; Taghizadeh-Toosi et al., 2012; Zheng et al., 2013) is growing rapidly. Furthermore, due to its recalcitrance against microbial degradation, addition of biochar to soil is a promising measure for long-term carbon storage in soil, and thus to mitigate climate change (Lehmann et al., 2006; Woolf et al., 2010).
Almost any kind of biomass can be thermochemically turned into biochar. Dry biomass can be converted by gasification or pyrolysis at high temperature and limited oxygen availability (Meyer et al., 2011; Wiedner et al., 2013) resulting in a biochar product referred to as pyrochar in this study. Moist biomass can be processed without drying by hydrothermal carbonization in an aqueous environment under high pressure (Libra et al., 2011; Reza et al., 2014) yielding hydrochar.
Compared to their precursors, pyrochar and hydrochar are relatively resistant to microbial attack in soil due to their more aromatic and condensed structure. However, pyrochar is with a mean residence time in soil of up to more than 1000 years (Cheng et al., 2008; Liang et al., 2008; Peng et al., 2011) much more recalcitrant than hydrochar. The latter exhibits a mean residence time of only 1.9 to 29 years (Bai et al., 2013; Gajić et al., 2012; Steinbeiss et al., 2009). Incorporation of pyrochar or hydrochar can alter the soil ecosystem by changing physico-chemical properties such as soil carbon content, pH (Van Zwieten et al., 2009), cation exchange capacity (Lehmann et al., 2003; Liang et al., 2008), soil aeration and water holding capacity (Case et al., 2012; Kammann et al., 2011; Karhu et al., 2011).
As one major goal of biochar soil amendment is to sequester carbon in order to mitigate climate change, numerous studies addressed the microbial response to biochar addition in terms of emissions of the greenhouse gases nitrous oxide (N2O), carbon dioxide (CO2) and methane (CH4) from soil (Cayuela, et al., 2014; Spokas and Reicosky, 2009; Thomazini et al., 2015). N2O emissions are controlled by the balance of N2O formation by denitrification, ammonia oxidation and dissimilatory nitrate reduction (Baggs, 2011) and the reduction by denitrification of N2O to N2. Reduction of N2O emissions by biochar amendment was observed in field experiments (e.g. Liu et al., 2012) and confirmed by meta-analyses across laboratory and field studies (Cayuela et al. 2013, 2014). 
So far, little is known about greenhouse gas emissions upon hydrochar addition. According to Kammann et al. (2012), hydrochar soil amendment resulted in higher N2O emissions compared to unamended controls. However, Malghani et al. (2013) reported that hydrochar application resulted in higher but also in lower N2O emissions depending on the soil type. 
Comparatively few studies addressed CH4 emission after biochar addition. Castaldi et al. (2011), Scheer et al. (2011) and Zhang et al. (2012) reported no significant effect of pyrochar addition on CH4 emission. However, Spokas et al. (2009) as well as Spokas and Reicosky (2009) observed reduced CH4 emissions. Further, Karhu et al. (2011) documented increased CH4 uptake. 
Microbial activity is often estimated by linking the emission of CO2 to microbial respiration. Several studies report an initial increase of CO2 emissions after pyrochar incorporation in laboratory incubation and soil column experiments (Kammann et al., 2012; Singh et al., 2010) as well as in field trials (Castaldi et al., 2011) and link this effect with the turnover of the pyrochar’s labile carbon fraction. Other field experiments, however, showed no initial CO2 emission increase (Liu et al., 2014). It is likely that increased microbial activity leading to higher CO2 emissions co-occurs with changes in the microbial community composition.
Several studies dealt with the impact of biochar on the microbial community in soils. It was observed that biochar can increase the soil microbial activity and nutrient retention (Chen et al., 2013; Lehmann et al., 2011). Several investigations showed fluctuations in composition and abundance in gram-positive and gram-negative Bacteria and arbuscular mycorrhiza fungi using pyrochar (Ameloot et al., 2013a; Anderson et al., 2011; Ding et al., 2013; Khodadad et al., 2011). Like Bacteria, also Archaea are contributing to the soil’s carbon and nitrogen cycle (Offre et al., 2013). However, the influence of hydrochar and pyrochar on the archaeal soil community has to the authors’ knowledge not been studied so far and information about microbial community change after hydrochar addition to soil is scarce. So far, only Steinbeiss et al. (2009) is known to have reported a link between hydrochar treatment and shifts in the microbial communities. In the strive towards clarification of the underlying mechanisms, recent studies indicate that short-term changes of the microbial structure depend on the volatile organic carbon (VOC) content of pyrochars (Sun et al., 2015). For highly recalcitrant pyrochars, contradictory effects have been reported ranging from no impact on microbial abundance and activity (Zhang et al., 2014) to strong according effects (Chen et al., 2013, 2015). Systematic knowledge about biochar-microflora interaction, however, is still scarce but urgently needed for further scientific and practical advances in soil application of biochars (Lehmann et al, 2011). Several factors have been reported to influence biochar-soil interactions such as temperature (Fang et al., 2015) and nitrogen availability (Clough et al., 2013). With respect to soil moisture, biochar was shown to increase the water holding capacity (Yu et al., 2013). The literature, however, lacks systematic knowledge about the impact of soil moisture on the interactions of biochar and soil microflora.
In light of the state of the art, the overall objective of this study was to yield new knowledge on the impact of two vastly different biochars (pyrochar and hydrochar) on the greenhouse gas-emitting activity, abundance and composition of the bacterial and archaeal community in a laboratory microcosm. Further individual aims were to measure GHG emissions and microbial activity based on a fluorescein diacetate assay (Schnürer and Rosswall, 1982), to assess the abundance and community composition of Bacteria and Archaea by quantitative PCR, T-RFLP analysis and clone libraries, and to determine the influence of different moisture levels (40%, 60% and 80% of the soil water holding capacity WHC) and nitrogen (non-fertilized and fertilized approach).
2. Material and Methods
2.1 Soil and char
Fresh standard soil No. 2.3 was obtained from LUFA Speyer (Speyer, Germany) representing a silty sand (uS) or sandy loam according to German DIN or USDA, respectively. The soil has been cultivated under agricultural use without application of pesticides, biocidal fertilizers or organic manure for at least 5 years. Application of mineral fertilizers was stopped 3 months before sampling. The soils are normally sampled from 0-20 cm depth, prepared and sieved with a 2 mm screen. The chemical properties determined at ATB Potsdam are shown in Table 1. Further characteristics stated by LUFA are (means and standard deviations): CEC 10.1±0.5 meq / 100 g, particle size (UASD) <0.002 mm 8.5±1.7%, 0.002-0.05 mm 28.4±4.5%, 0.05-2.0 mm 63.1±5.0%, WHC 37.3±1.8 g / 100 g, bulk density 1282±30 g / L.
Pyrochar and hydrochar were produced from typical types of feedstock considering their moisture level. Hydrochar was produced by hydrothermal carbonization from corn silage (AVA-CO2, Karlsruhe, Germany; 8 h, 23 bar, 210°C) and subsequent separation from the HTC process liquor by means of a chamber filter press. Pyrochar was produced by Pyreg (Dörth, Germany) from a mixture of deciduous and coniferous wood chips. According to manufacturer’s instructions, the reactor was a screw type reactor. The inlet gas temperature of the reactor’s heating jacket accounted for 850 °C (± 20 °C) and the temperature of the material increases to up to 900 °C. Soil and char were sieved to obtain a uniform particle size of maximum 4 mm. Both chars were stored in dry state in closed containers at –room temperature for 45 weeks before they were used in the experiment. Besides this, the chars received no further pre-treatments. Results from own chemical analyses are shown in Table 1.
2.2 Set-up of microcosms and experimental design
The microcosms were set up in 120 mL glass bottles and closed with a butyl rubber septum and screw caps with an opening for gas sampling (Glastechnik Gräfenroda GmbH, Gräfenroda, Germany). The final dry weight of the soil-biochar mixture accounted for 20 g per replicate comprising approximately 19.8 g of soil and 0.2 g of biochar. This 1% dosage was selected in accordance with earlier studies as shown in a literature review by Ameloot at al. (2013b).
Prior to incubation, distilled water was added to obtain 40%, 60% or 80% of the soil’s WHC, respectively. The N treatment was conducted by addition of NH4NO3 versus no N added. For this, a solution of NH4NO3 (pH 5.87-5.92) instead of distilled water was used to obtain a fertilizer-N concentration of 100 µg per g of dry weight soil equaling a field application of about 200 kg N / ha. The pH did not change after the respective treatments (data not shown). The total number of microcosms were 72 with 4 parallels for each treatment. The full experimental design is shown in Table 2.
The microcosms were incubated in the dark applying temperate soil conditions of 10 °C for 80 days. To avoid anoxic conditions, the microcosms were aerated regularly. The amount of evaporated water was determined gravimetrically and replaced periodically.
2.3 GC measurements and gas flux calculation
Emissions of N2O, CO2 and CH4 were measured weekly in the beginning (first 31 days) and later when changes were less dynamic in larger intervals (measurement days: 66 and 80) with a Varian CP-3800 gas chromatograph (Varian Medical Systems, Palo Alto, USA). The GC was equipped with a FID (column A: Hayesep N, 8/100, 1 m 1/8’’ SS; column B: Porapak QS, 80/100, 2 m, 1/8’’ SS) and an ECD detector (column C: Hayesep N, 8/100, 1 m 1/8’’ SS; column D: Hayesep D, 8/100, 2 m 1/8’’ SS). The autosampler QHSS 35 – 120 (QUMA Elektronik & Analytik GmbH, Wuppertal, Germany) connected to the GC was customized to fit the microcosm bottles. Thus, no manual sub-sampling was necessary. Gas fluxes were calculated as described by Dicke et al. (2014).
2.4 Microbial enzyme activities
Microbial enzyme activities were determined based on fluorescein diacetate hydrolysis according to Schnürer and Rosswall (1982) with modifications by Adam and Duncan (2001). Briefly, 0.3 g fresh weight soil from the microcosms was suspended in 3 mL potassium phosphate buffer (60 mM, pH 7.6). 120 µg fluorescein diacetate (FDA) were added and the microcosms were incubated at 30 °C with agitation at 100 rpm for 20 min. The reaction was stopped by the addition of a 3 mL chloroform-methanol (2:1) mixture. The mixture was centrifuged for 3 min at 3000 × g. The fluorescent supernatant was filtered (8 µM pore size) and examined at 490 nm by an Implen Nanophotometer (Implen GmbH, München, Germany). The fluorescein standard curve covered a range of 1-5 µg mL–1.
2.5 DNA extraction
After 80 days of incubation, DNA was extracted from 0.5 g char-free soil or soil-biochar mixture from the microcosms with the Fast DNA Spin Kit for soil (MP Biomedicals, Santa Ana, California, USA) following the manufacturer’s instructions. The concentration of the resulting DNA was measured using the NanoPhotometer (Implen GmbH, Munich, Germany) and the DNA was stored at 4 °C until further use.
2.6 Quantitative real-time PCR (qPCR)
Prior to real-time amplification, the amount of DNA was quantified using the Quant-iT™ Pico Green® dsDNA assay (Invitrogen™, Life Technologies GmbH, Darmstadt, Germany) with the NanoDrop ND-3300 fluorospectrometer (Thermo Scientific, Nano Drop products, Wilmington, USA). The quantitative PCR was performed according to Nettmann et al. (2008) using primers for amplification of bacterial (BAC) and archaeal (ARC) 16S rRNA genes published by Yu et al. (2005). Standard curves were obtained using a dilution series of linearized plasmid DNA of the 16S rRNA gene of Pectobacterium carotovorum ssp. carotovorum DSM 30168 for Bacteria and Methanosarcina barkeri DSM 800 for Archaea, respectively, covering a range of 101 to 109 copies of the 16Sr RNA gene. Quantification of bacterial and archaeal 16S rRNA gene copy numbers of the microcosm samples was carried out with 1 ng DNA using the ABI 7300 System (Applied Biosystems, Life Technologies GmbH, Darmstadt, Germany). Copy numbers were determined with the help of 7300 Real-Time PCR System Sequence Detection Software ver. 1.3 (Applied Biosystems, Life Technologies GmbH, Darmstadt, Germany).
2.7 T-RFLP analysis and clone libraries
To capture the dynamics of archaeal and bacterial community composition according to the different treatments, terminal restriction fragment length polymorphism (T-RFLP) analysis was performed with the 16S rRNA gene as phylogenetic marker. The 16S rRNA gene was amplified from 5 – 10 ng DNA using the primer pairs 27f (Cy5-labeled; 5’-AGA GTT TGA TCM TGG CTC AG-3’ (Edwards et al., 1989) and 907r (5’-CCG TCA ATT CCT TTG AGT TT-3’ (Muyzer et al., 1995) for Bacteria as well as 109f (Cy5-labelled; 5’-ACK GCT CAG TAA CA CGT-3’ (Großkopf et al., 1998) and 915r (5’-GTG CTC CCC CGC CAA TTC CT-3’ (Amann et al., 1990) for Archaea.
The PCR was performed using 1x PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTPs, 0.4 µM primers and 0.04 U µl–1 Taq per reaction. The PCR was conducted under the following conditions: 3 min at 94 °C, 30 cycles of 30 s at 94 °C, 45 s at 52 °C and 90 s at 72 °C, followed by a final elongation step of 5 min at 72 °C. 
In the following, 400 ng of the resulting PCR product were restriction digested using the restriction enzymes MspI and Hin6 for Bacteria and AluI for Archaea following the manufacturer’s instructions (Thermo Fisher Scientific, Schwerte, Germany). Subsequently, T-RFLP analysis was performed with the GenomeLab™ Genetic Analysis System (Beckman Coulter, Krefeld, Germany). Fragments were separated for 70 to 90 min at a voltage of 4.8 kV. The obtained data were pre-analysed using the GeXP analysis software (version 10.2), where only those profiles were considered for further analyses whose internal standard had a standard deviation of 0.39 nucleotides (nt) or less. 
Downstream processing and alignment of the T-RF fragments was handled using Bionumerics 7.1 (Applied Maths, Inc., Austin, USA) involving device-specific background subtraction of 370 rfu covering a size range of 60 to 640 bp according to the applied size standard. T-RF fragment abundance was normalized according to the sample with the lowest total peak abundance sum.
As moisture level or fertilizer addition showed no visible impact on the T-RFLP community profiles (Fig. 4a and 5a), three bacterial clone libraries were constructed from pooled DNA extracts from microcosms with char-free control soil, soil-pyrochar, soil-hydrochar or only, respectively, using the PCR conditions stated above but with unlabeled primers. Cloning and one-direction sequencing of 96 bacterial clones per clone library using the M13f primer was performed by Macrogen (Seoul, South Korea). Resulting sequences were quality checked and processed in Bionumerics 7.1 (Applied Maths, Inc., Austin, USA) removing the vector sequence. Sequences were deposited in Genbank (National Center for Biotechology Information) under the accession numbers KJ664533 to KJ664791. Phylogenetic assignment of the sequences was carried out using the RDP classifier tool Version 2.6 (Wang et al., 2007) featuring a confidence value of at least 0.8 required for a sequence correlation at the phylum rank (Kim et al. 2011). Afterwards, phylogenetically assigned sequences were processed in Bionumerics to perform in-silico cutting with the restriction enzymes used for T-RFLP analysis to assign T-RFs in the fingerprints. However, a reliable assignment of in-silico T-RFs to phylogenetic groups was not possible, since single T-RFs accounted for several phyla.
Taxonomic assignment of archaeal T-RF fragment on phylum level was achieved with the help of the ARB Silva database project (Quast et al., 2013). All sequences coding for the 16S rRNA gene were in-silico digested with the respective restriction enzyme used in this study and the theoretically expected T-RF fragments were assigned to the T-RFs obtained from the T-RFLP analysis. Only T-RFs that were present in more than replicate were taken into account.
2.8 Statistics
Significant differences between treatments for gas emissions and total enzyme activities were assessed by three-way analysis of variance (ANOVA) following a Tukey-Kramer HSD post hoc test using the JMP 9.0.2 software (SAS Institute Inc., Cary, USA). The resulting ANOVA tables are shown in Table A.1 in the appendix.
The T-RFLP fingerprinting data was normalized by sample maximum after 370 rfu baseline subtraction. Statistical analysis of the resulting community data was performed by non-metric multidimensional scaling with the PC-ORD software (MjM Software Design, Gleneden Beach, USA) using the Bray-Curtis distance measure based on treatment averages from each of the quadruplicated microcosms. Outliers were identified by outlier analysis implemented in PC-Ord and excluded prior to analysis. The significance of between-groups differences (groups of 24 samples each: char-free soil, soil-hydrochar, and soil-pyrochar) was estimated by multi-response permutation procedures (MRPP) using the Bray-Curtis distance measure.
Clone libraries were analysed on phylum level for sufficient sampling effort by rarefaction analysis using the software Analytic Rarefaction 1.3 available online at http://strata.uga.edu/software/index.html (​http:​/​​/​strata.uga.edu​/​software​/​index.html​). Additionally, the coverage was calculated using the formula C = 1-(N/n) by (Good, 1953), where C is the coverage, N the number of unique samples and n the total number of sequences.
3. Results
3.1 Gas emissions from the soil microcosms
Over an experimental period of 80 days, the emission of the greenhouse gases N2O, CO2 and CH4 from the soil-biochar mixtures and the char-free control was measured. Average emissions rates including standard deviations of all treatments over time are shown in the Appendix (Fig. A.1-A.3).
N2O emissions in the pyrochar treatments were in the same range as the char-free control. While the emissions of N2O in the unfertilized hydrochar treatments were as low as in the respective samples in the char-free control and the pyrochar treatments, the emissions in the fertilized treatments with 60 and 80% WHC were notably higher. However, at both moisture levels the standard deviation was very high due to one replicate deviating strongly from the others. Nevertheless, hydrochar samples with 80% WHC were significantly different (P <0.001 to P <0.05) from all other treatments. Fertilizing increased the emissions in all the samples by at least a factor of 2.5 being significantly different (P <0.001) from all unfertilized samples at 80% WHC. Increasing the water content was accompanied by increasing N2O emissions with slightly higher emissions in the fertilized treatments. Regarding the char-free samples only the highest water content caused significant differences.
Also regarding the CO2 emissions, the emissions of char-free control and pyrochar microcosms were in the same range (Fig. 1). On the contrary, the hydrochar-soil CO2 emissions were considerably elevated compared to pyrochar and char-free control treatments showing up to 8 times higher gas emissions. Further, hydrochar-soil CO2 emissions increased with higher water content, and rose approximately two times upon fertilizer addition.
The lowest CH4 emissions were determined in the unfertilized char-free treatments (Fig. 1). The respective fertilized treatments emitted about 1.5-2.6 times more CH4. The emissions in the fertilized hydrochar treatments were higher compared to the unfertilized equivalent, although only differences at the lowest moisture level were significant (P <0.001). Interestingly, no treatment-related differences were observed in the pyrochar microcosms.
3.2 Total enzyme activities
The microbial enzyme activity of the control and pyrochar treated soils were very similar (Fig. 2). Hydrochar application, however, resulted in significantly lower enzyme activity in the unfertilized treatments compared to the unfertilized char-free control and the unfertilized pyrochar-amended soil at the same water content (P <0.001). Overall, enzyme activity increased with increasing water content in most of the microcosms. Further, fertilizer application suppressed enzyme activity in the control and pyrochar microcosms. For pyrochar, the suppression was significant at all three water levels, whereas the control was only affected at 40% WHC. However, in the control soil, only the lowest moisture content showed significant differences between unfertilized and fertilized treatments (P <0.001). On the contrary, in the pyrochar-treatments regarding the fertilizer effect all differences at the same moisture level were significant (P <0.001 to P <0.01). As N fertilizer had no significant effect on the hydrochar soil’s enzyme activity, the values (except for 60% WHC) were found in the same range as the respective char-free control and pyrolysis treatments.
3.3 Bacterial and archaeal abundance
In order to examine the abundance of Bacteria and Archaea in response to the different treatments, 16S rRNA gene based quantitative real-time PCR was performed. 
Generally, the bacterial abundance showed no significant differences neither between the control soil and both biochar treatments nor between different moisture or fertilizer levels (Fig. 3). The bacterial abundance ranged between 22×108±2.10×108 (hydrochar soil, unfertilized, 60% of WHC) and 36×108±5.03×108 gene copies (char-free soil, unfertilized, highest moisture content). However, no significant differences between pyrochar, hydrochar and control were observed.
In general, the archaeal abundance was two orders of magnitude lower than the bacterial abundance (Fig 3). In contrast to the bacterial abundance, where no significant differences were found between the char-free control and the biochar treatments, the archaeal 16S RNA copy number in the hydrochar-amended microcosms was significantly lower than in the control. Differences were particularly evident comparing the fertilized treatments of the hydrochar microcosms ranging from 0.18×108±0.07×108 to 0.23×108±0.04×108 gene copies with the corresponding samples of the control with a range of 0.44×108±0.06×108 to 0.61×108±0.11×108 archaeal copy numbers (P <0.001).
The ratios of bacterial and archaeal abundance in the pyrochar and control microcosms were similar and ranged from 47.0±3.7 to 86.2±5.6. The low archaeal abundance in the fertilized hydrochar treatments leads to high ratios, which were significantly different to the control (P <0.05).
3.4 Archaeal and bacterial community composition
To assess the impact of biochar addition on microbial community composition, T-RFLP fingerprints from all the samples were generated. The fingerprints were statistically analysed by non-metric multidimensional scaling to visualize differences between treatments.
According to the ordination plot based on the bacterial fingerprint data, the char-free control soil as well as the hydrochar and pyrochar treated soil samples clustered separately indicating distinct microbial communities (Fig. 4a). The variation within the treatment was smaller for pyrochar than for control and hydrochar microcosms. MRPP confirmed significant treatment-specific differences according to the impact of biochar addition with A values of 0.176 (P = 0.0007), 0.18 (P = 0.0070) and 0.33 (P = 0.0005) for pair wise comparison of control and hydrochar treatment, control and pyrochar treatment and hydrochar and pyrochar treatment, respectively. No significant effects on the bacterial community composition were found due to different moisture levels or the fertilizer treatment.
The coverage according to Good (1953) in the clone libraries from pooled samples was 0.97 for the char-free control, 0.96 for the pyrochar and 0.98 for the hydrochar treatments. Proteobacteria sequences were predominant and represented 33.3% in the char-free control, 31.4% in the pyrochar sample and 53.2% in the hydrochar samples, respectively (Fig. 4b). Acidobacteria was with 19% and 16.3%, respectively, the second most dominant phylum in the control and pyrochar clone libraries, whereas this phylum accounted for only 3.2% in the hydrochar sequence library. The second most abundant phylum in the hydrochar clone library was represented by Bacteroidetes (17%), accounting for 7% each in the char-free control and pyrochar clone library. Firmicutes comprised 11.9% and 11.6% of the sequences in the char-free control and pyrochar clone library, but were with 4.3% less abundant in the hydrochar samples. Actinobacteria accounted for 8.3%, 10.5% and 10.6% of the clone library from the, control, pyrochar and hydrochar, respectively.
Archaeal fingerprints as well exhibited separate clustering of hydrochar and pyrochar treated samples (Fig. 5a). However, control samples and pyrochar samples clustered together, suggesting similar archaeal communities. These results were supported by the MRPP analysis showing significant differences between control and hydrochar microcosms (A = 0.1344; P = 0.0005) and hydrochar and pyrochar microcosms (A = 0.1650; P = 0.0022). No significant differences resulted from the comparison of control and pyrochar samples (A = –0.0060; P = 0.05022). Like the bacterial community, the archaeal community composition showed significant response neither to moisture nor to fertilizer treatment.
The archaeal T-RF fragments were assigned with the help of the ARB Silva database. The archaeal communities were composed of three major phyla: Euryarchaeota, Crenarchaeota and Thaumarchaeota (Fig. 5b). The distribution of the relative abundance was very similar throughout the samples with Euryarchaeota comprising about two third and Crenarchaeota and Thaumarchaeota accounting for approximately one third of the total archaeal community. Small shifts were only visible in the unfertilized hydrochar microcosms, where a decrease of the relative abundance of the Crenarchaeota/Thaumarchaeota was accompanied by an increase in the Euryrarchaeota abundance.
4 Discussion
4.1 Greenhouse gas emissions after biochar addition
Recently, the body of literature concerning greenhouse gas emission upon biochar amendment to soil grew to large extent. According to a meta-analysis by Cayuela et al. (2013) and a review by Clough et al. (2013), examining the literature addressing N2O emission after biochar soil application, in the majority of the studies reduced N2O emission upon biochar soil amendment was observed. One suggested reason for the suppression of the N2O emissions after biochar addition was reduced denitrification activity due to greater soil aeration (Van Zwieten et al., 2009). However, improved soil aeration after biochar addition was not the only reason for decreased N2O release from the soil, as Kammann et al. (2012) found that higher water content in biochar treatments coincided with still low N2O emissions. Furthermore, consistently reduced N2O emissions in rice paddies even at full water saturation was reported by Liu et al. (2012). The results of the present study supports a minor role of the water content, since increasing water content and therefore reduced soil aeration did not affect N2O emission significantly in pyrochar and hydrochar treated soil compared to the char-free control soil (unfertilized treatments) irrespective of the water content. In contrast to that, hydrochar addition in the fertilized and highest moisture treatment (80% WHC) resulted in significant higher N2O emission compared to both the fertilized char-free control (80% WHC) and fertilized hydrochar treatment at the lowest moisture content (40% WHC). Therefore, it can be assumed that N2O emissions increase, when oxygen is limited (e.g. by high water content), N supply is high (e.g. by mineral fertilizer), and enough bio-available carbon is provided (e.g. from hydrochar). Such conditions generally support denitrification and N2O emission. Further, the hydrochar’s high fraction of VOCs is well known (Libra et al., 2011; Becker et al., 2013) as well as its comparably low recalcitrance in soils (Bai et al., 2013; Gajić et al., 2012; Steinbeiss et al., 2009; Dicke et al., 2014). According to a biochemical methane potential test, hydrochar was found with an anaerobically labile carbon fraction of 10.4%, whereas the pyrochar’s was only 0.6% (Mumme et al., 2014).
According to Kammann et al. (2012), hydrochar soil amendment can lead to higher N2O emissions compared to unamended controls although with no N fertilization. Malghani et al. (2013) presented contradictory results after hydrochar soil amendment. They observed suppressed N2O emissions from hydrochar treated arable and forest soil, but another forest soil showed elevated N2O emissions. Accordingly, individual soil properties are a major factor influencing the hydrochar effect on microbial activity.
Pyrochar soil amendment did not induce significant changes concerning the CO2 emission compared to the char-free control. Several studies confirmed that pyrochar addition had no effect on the CO2 emission from soil (Harter et al., 2014; Karhu et al., 2011; Scheer et al., 2011). Based on the literature, pyrochar production temperature appears to be a crucial factor for CO2 emissions as high temperature pyrochar (700 °C) induced lower CO2 emissions compared to low temperature pyrochar (350 °C) (Ameloot et al., 2013a) due to higher recalcitrance (Bruun et al., 2011). Further, Zhang et al. (2012) found that high pyrochar application rates (40 t ha–1 soil) stimulated CO2 emission compared to moderate application rates (20 t ha–1 soil). The present study’s results showing no elevated CO2 emission from 15 t pyrochar ha–1. On the contrary, high CO2 emissions were observed due to hydrochar addition to soil in the present study. The hydrochar-induced enhanced CO2 formation from soil found in this study is confirmed by other researchers, who also found that hydrochar addition to soil resulted in increased microbial activity represented by higher CO2 emission compared to an unamended control (Kammann et al., 2012; Malghani et al., 2013; Steinbeiss et al., 2009). Again, the most probable reason is the availability of labile carbon from the hydrochar (Libra et al., 2011) and therefore stimulation of microbial activity.
In the present study, CH4 emissions from hydrochar microcosms were in the same range as from the char-free control microcosms. In contrast to that, pyrochar addition resulted in significant higher emissions in the unfertilized treatments compared to most of the char-free control and hydrochar treatments. With N addition, however, pyrochar treatments were found as the same level as the char-free control.
Examples from the recent literature dealing with CH4 emission upon pyrochar addition reveal contradictory results. Several studies report decreased CH4 emission or enhanced CH4 oxidation (Feng et al., 2012; Karhu et al., 2011; Liu et al., 2011), whereas Spokas and Reicosky (2009) and Zhang et al. (2012) demonstrate reduced net oxidation or increased CH4 emission. Moreover, Kammann et al. (2012) and Malghani et al. (2013) determined increased CH4 emissions in hydrochar treatments, contrasting the results in the present study. 
With respect to biochar use in anaerobic digestion, corresponding reports indicate that pyrochar can stimulate methanogenic activity by providing favorable conditions for biofilm growth (Kumar et al., 1987; Mumme et al., 2014), whereas hydrochar can serve as substrate for CH4 production (Mumme et al., 2014). In summary, available data suggests that effects on CH4 fluxes depend on char and soil type corroborated by the study of Spokas and Reicosky (2009). This shows that the same biochar could cause distinct responses in different soils and vice versa.
Further, the present study showed that CH4 emissions were significantly higher in the NH4NO3-fertilized char-free control and hydrochar treatment compared to the unfertilized equivalent. This increase suggests an inhibition of CH4 oxidation by ammonium as observed in previous soil studies (Dunfield and Knowles, 1995; Schnell and King, 1994; Steudler et al., 1989). However, this pattern was not visible in the pyrochar-treated microcosms, where CH4 emissions did not increase significantly after ammonium addition. The reason for this might be adsorption and retention of ammonium on the pyrochar surface as shown in several studies (Ding et al., 2010; Steiner et al., 2008; Taghizadeh-Toosi et al., 2012) preventing the inhibition effect of ammonium. 
4.2 Microbial enzyme activities after biochar addition
In the recent literature, several methods were used to estimate microbial activity in response to biochar addition (Ameloot et al., 2013a; Chan et al., 2007; Steinbeiss et al., 2009; Van Zwieten et al., 2010). In this study, the microbial enzyme activity was measured based on fluorescein diacetate (FDA) hydrolysis to estimate soil microbial activity (Adam and Duncan, 2001; Schnürer and Rosswall, 1982). 
In contrast to the microbial activities in the unfertilized char-free control and pyrochar microcosms, which were in the same range in the present study, hydrochar amendment decreased microbial activity in the corresponding hydrochar microcosms. This is surprising because microbial activity is supposed to correlate with microbial respiration in terms of CO2 emission (Schnürer and Rosswall, 1982) and the CO2 emission from hydrochar treated microcosm in the present study was significantly higher than in the control and pyrochar treatments. A possible explanation is that the higher CO2 emissions in hydrochar treatments were not related to hydrolytic processes.
Nitrogen application resulted in a lower microbial activity in the char-free control and the pyrochar treatment independently from the given water content. A decreasing microbial activity upon nitrogen addition is in accordance with several studies for a range of different char-free soils (Chu et al., 2007; Demoling et al., 2008; Lovell et al., 1995; Nohrstedt et al., 1989). In hydrochar treatments, no decrease in the microbial activity as a consequence of fertilizer addition was observed. According to Van Zwieten et al. (2009), biochar addition with or without fertilizer addition does not result in a conclusive pattern, as the fertilizer effect depends on the biochar type, soil type and the associated plant.
4.3 Changes in bacterial and archaeal community composition and abundance
In the present study, bacterial 16S rRNA gene abundance did not change in response to pyrochar or hydrochar treatments. Similar findings were reported by Harter et al. (2014). According to the T-RFLP results, the bacterial community composition, however, was altered by pyrochar or hydrochar addition, whereas the difference between pyrochar microcosms to the control was less pronounced. Changes in the microbial communities were mainly due to changes in peak abundance, rather than presence or absence of peaks. Given that pyrochar represents a high-condensation grade biochar compared to hydrochar, the results from the present study are in good accordance with a study from Steinbeiss et al. (2009). They observed that with a high condensation grade hydrochar had a lower impact on microbial community composition compared to low-condensation hydrochar offering easily degradable carbon. Comparatively strong influences of pyrochar on the soil bacterial community composition, detected by T-RFLP and 16S gene analyses, were found in topsoil of rice paddy that was amended with 20 and 40 t ha-1 of wheat straw-derived pyrochar (Chen et al., 2015). This suggests at least for amendments with pyrolysis biochar that the level of bacterial community changes strongly depends on soil-specific properties rather than biochar properties alone.
In this study, the composition of the bacterial clone libraries from the char-free control and the pyrochar-treated microcosms was very similar. The relative abundance of major phyla like Proteobacteria (33.3% and 31. 4%), Firmicutes (11.9% and 11.6%), Acidobacteria (19% and 16.3%) and Bacteroidetes (7.1% and 7.0%) were in the same range for control and pyrochar, respectively. Contrasting trends were observed by Kolton et al. (2011), where pyrochar addition induced an increase of relative abundance of Bacteroidetes and decreased Proteobacteria abundance.
In the hydrochar clone library, however, the relative abundance of the Acidobacteria decreased 5 to 6 fold compared to the char-free control and the pyrochar-treated microcosms. Also the abundance of Firmicutes was lower and accounted for only one third of the abundance in the control and pyrochar microcosms libraries. In contrast to that, relative Bacteroidetes and Proteobacteria abundance increased 2.4 and 1.6-1.7 times, respectively. Interestingly, similar patterns could be observed in soil studies with elevated mineralisable carbon concentration. Fierer and coworkers (Fierer et al., 2007) found decreased abundance of Acidobacteria and increased abundance of -Proteobacteria and Bacteroidetes after carbon amendment. These findings are in accordance with a study of Goldfarb et al. (2011), who additionally observed a decrease in Firmicutes abundance, which is in agreement with the present study. Consequently, the present study’s results indicate that the shift of the bacterial community composition in the hydrochar microcosms was due to easily degradable carbon from the hydrochar (Bai et al., 2013; Libra et al., 2011).
The archaeal 16S rRNA gene abundance was lower in the hydrochar treatments compared to control and pyrochar microcosms (this study). This change was accompanied by a significant shift in the community composition according to T-RFLP analysis, whereas the archaeal community of control and pyrochar treatments was not significantly different from each other.
4.4 Summary and conclusions
Regarding carbon dioxide emission, enzyme activity and microbial abundance and community composition, pyrochar microcosms behaved similar to the char-free control. On the contrary, hydrochar application to soils led to high carbon dioxide emissions throughout the incubation period of 80 days. Fertilizer addition pronounced the effects of hydrochar regarding CO2 and N2O emissions especially at high water content. Further, the presence of hydrochar in soil caused a significant bacterial and archaeal community shift. The results of the present study suggest that the reason for the changes in microbial activity and community was due to easily degradable carbon from the hydrochar.
Therefore, application of pyrochar in order to sequester carbon and to sustain the soil ecosystem services appears to be more beneficial since the results of the present study suggest a lower impact to the soil ecosystem and its function. However, since several studies show distinct effects of different biochars and soils, and microcosm studies can only to a limited extent be extrapolated to field conditions a broader approach should be chosen to gain more insight.
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Figure legends
Fig. 1: Average greenhouse gas emissions covering the total incubation period of 80 days of the control, hydrochar and pyrochar treated microcosms. Numbers at the x-axis relate to the water content as percentage of the initial water holding capacity. – N and + N represent unfertilized and fertilized treatments, respectively. Different letters above the bars represent significant differences from a pair-wise comparison of all treatments according to Tukey-HSD at a significance level of α = 0.05.
Fig. 2: Microbial enzyme activity based on the fluorescein acetate assay. Numbers at the x-axis relate to the water content as percentage of the initial water holding capacity. – N and + N represent unfertilized and fertilized treatments, respectively. Different letters above the bars represent significant differences from a pair-wise comparison of all treatments according to Tukey-HSD at a significance level of α = 0.05.
Fig. 3: Bacterial and archaeal 16S rRNA gene abundance and their ratio. Numbers at the x-axis relate to the water content as percentage of the initial water holding capacity. – N and + N represent unfertilized and fertilized treatments, respectively. Different letters above the bars represent significant differences from a pair-wise comparison of all treatments according to Tukey-HSD at a significance level of α = 0.05. 
Fig. 4: Bacterial community dynamics of char-free control, pyrochar and hydrochar treatments. (a) Ordination plots of non-metric multidimensional scaling analysis of bacterial T-RFLP fingerprints using the Bray-Curtis distance measure (Stress = 5.82). (b) Relative abundance of bacterial phyla in the 16S rRNA gene-based clone libraries from control, hydrochar-treated and pyrochar-treated microcosms. Numbers in the bars represent the contribution of the respective phylum to the total abundance.
Fig. 5: Archaeal community dynamics of char-free control, pyrochar and hydrochar treatments. (a) Ordination plots of non-metric multidimensional scaling analysis of archaeal T-RFLP fingerprints using the Bray-Curtis distance measure (Stress = 13.69). (b) Relative abundance of T-RFs in the archaeal T-RFLP fingerprints and the corresponding archaeal phyla assigned using the ARB Silva database in the control, hydrochar-treated and pyrochar-treated microcosms. 
Fig. A.1: Course of the CO2 emission rate of char-free control, pyrochar, and hydrochar. Mean values and standard deviations are shown.
Fig. A.2: Course of the CH4 emission rate of char-free control, pyrochar, and hydrochar. Mean values and standard deviations are shown.
Fig. A3: Course of the N2O emission rate of char-free control, pyrochar, and hydrochar. Mean values and standard deviations are shown.
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